How should the environment be protected when revenue generation is costly? Building on Diamond and Mirrlees [1971], Sandmo [1975] , and Cremer and Gavhari [1999], we find that marginal costs of pollution abatement should be equal for firms, consumers and government, within and across polluting activities. Furthermore, a combination of emission standards and presumptive Pigovian taxes can mimic the emission tax. These results ease implementation: With optimal commodity taxes, one emission tax -or standards and presumptive taxes -can be levied only on polluters, supporting optimal substitution and abatement efforts from everyone. Generalizations yield results known as imperfect corrective pricing.
I. Introduction and Summary
In this paper, we combine two challenges of government: taxation for revenue generation and environmental protection. First-best intuition would say that emissions be taxed neutrally according to their marginal damages, without reference neither to the type of activity that pollutes nor to whether the polluter is rich or poor, consumer or producer, private or public. However, there has yet been no theoretical basis for assuming such simplicity if government has a revenue need that requires distortionary taxation.
Our study builds in particular on two important contributions. First, Diamond and Mirrlees, 1971 , demonstrated conditions under which optimal taxation involves production efficiency. Their findings imply that the input-output vector is at the aggregate production frontier, a solution that can be implemented by confronting all producers, private as well as public, with the same producer prices. Thus, a social planner may want to insert distorting tax wedges between consumers, and between the set of consumers and the set of all producers, but not between producers, whether private or public. With an external effect from producers and government, a production efficiency result follows directly from Diamond and Mirrlees' treatment. The environmental good is an additional output (or input) of productive sectors, and shall consequently be provided at the same marginal rates of transformation for the set of producers and government seen as a whole. However, the literature including externalities in models of optimal taxation has focused on cases with only one type of polluting activity or source, thus putting aside the question of production efficiency in environmental protection.
The second contribution on which the present study builds is Sandmo's seminal study "Optimal taxation in the presence of externalities" (Sandmo, 1975) . Apart from providing the analytical framework used subsequently -and in this study -Sandmo made two findings we shall highlight here. First, he concluded that "even in a world of distortionary taxation'…there is scope for taxing externality-generating commodities according to the Pigovian principle." Second, he noted that the optimal commodity tax structure is "characterized by what might be called an additivity property; the marginal social damage of commodity m enters the formula for that commodity only…" (m is the externality-creating good) and "the optimal tax rate on the externality creating commodity is a weighted average of two terms, of which the second is the marginal social damage of commodity m. The first term…is composed of the efficiency terms familiar from the theory of optimal taxation".
An important aim of the present study is to understand conditions under which optimal taxation -and Sandmo's framework -requires production efficiency, including in environmental protection, when such protection can take many avenues. Diamond and Mirrlees considered briefly whether production efficiency would hold if there is an external effect between consumers, but then without including environmental protection in the concept of production efficiency. They concluded "it seems quite likely that efficiency will be desired in realistic settings". The concept of production efficiency tested here is a broader one, since we include the environmental good in the vector proposed to be at the aggregate frontier.
1 For Sandmo, the proposition of production efficiency in environmental protection was not at the table, since there was only one polluting activity.
To examine the question of whether production efficiency can include efficiency in the protection of the environment, a key assumption is to include pollution abatement as an additional avenue for pollution reductions: a polluting consumer (or producer) may spend resources -say on a filter -to reduce emissions per unit consumed (or produced).
This allows us to test a proposition of production efficiency more broadly defined: Under what conditions will marginal costs of abatement -per unit of emission reductions achieved -be equalized across activities and agents?
In our model, the set of polluters is not only producers (as in Cremer et al. 1998, Cremer and Gahvari, 1999) , or only consumers (as in Sandmo, 1975, Diamond and Mirrlees, 1971) , but comprise consumers, producers and government. Briefly put, we ask whether the social planner would tax emissions from different activities (or from producers, consumers, government) differently.
Our model (Section II of the paper) is simple -a structure with fixed coefficients of transformation between private goods is expanded with an external effect, a public good. The public good is in the outset provided by nature, but is reduced as a negative external effect (we call it pollution) results from consumption and production activities.
The model involves five minor modifications to Sandmo's 1975 model. First, government, firms and consumers are all polluters. Second, in addition to substitution towards non-polluting goods and services, the model allows the polluter to expend resources on pollution abatement to reduce emissions. This term includes efforts such as the consumer's maintenance of her car, the producer's installation of a catalytic converter in her product or a filter in her smokestack, modifications of practices or of compounds such as fuels and detergents, and finally cleanup efforts. Third, we allow multiple polluting goods, or activities (we use the word activity to comprise consumption and production). Fourth, we allow nonuniformity across polluters in how much they pollute per unit of activity (more precisely, they differ in their costs of pollution abatement).
Finally, these modifications themselves invite expansions of the set of policy instruments relative to those allowed by Sandmo and subsequent authors. One the one hand, emission taxes no longer are mere extensions of commodity taxes when pollution abatement is possible (this distinction is also used by Cremer and Gahvari, 1999) . Also, we show, standards for abatement (or for emission per unit) can play a role under plausible restrictions on the observability of emissions.
Several studies have provided approaches preparing the ground for this treatment.
Bovenberg and van der Ploeg, 1994, introduce abatement, but as public production rather than related to own emissions (a good example might be a municipal wastewater treatment plant). Their discussion is centered on how increased environmental concern influences provision of public goods and consumption of private goods. Goulder et al., 1998 , allow abatement amongst producers, and focus on the interaction between environmental instruments and pre-existing taxes. Both these studies employ assumptions giving the labor/leisure choice, not only the environmental good, a particular role in preferences. Cremer et al.1998 analyze optimal taxation and focus on the interaction between the environmental tax and other instruments, much in the same way as did Atkinson and Stiglitz, 1976 , for the interaction between direct and indirect instruments in the traditional problem without externalities. Cremer and Gahvari, 1999 , closest to the questions asked here, allow several polluting industries with uniform technology.
Amongst their findings is a uniform emissions tax, implicitly showing how Diamond and 1 Since they were proposing an external effect from consumers to consumers, it was quite natural in their context not to expand with the environmental good the vector of inputs and outputs proposed to be at the aggregate frontier.
Mirrlees' production efficiency result must apply if the input or output of producers is expanded with one element -the environmental good.
In section III, we characterize optimal policy assuming equal access to technology for all consumers. We investigate when instruments such as emission taxes will be applied 'neutrally' as expected according to Pigovian principles, including under plausible restrictions on the monitoring of emissions.
2 These results can be viewed as generally extending those of Sandmo, 1975 . Also, they extend the results of Eskeland, 1994 , on the combination of emission standards and presumptive Pigovian taxes (levied on inputs and outputs), to a case in which taxation is costly.
For polluting producers, production efficiency applies as expected even when firms differ in their access to abatement technology (section III). In section IV of the paper, we introduce nonuniform emission functions for consumers. If the planner can differentiate emission taxes across polluting activities, when are the emission taxes equal across activities, and equal to the one applied to producers? We find that the 'one tax' breaks down if the pattern of nonuniformity across consumers in emission functions lends itself to nonenvironmental goals of the planner, such as to redistribute, or to minimize the distortionary effects of taxation. Certain covariance formulas identify these cases. In the case when emission taxes are not available, presumptive Pigovian taxes on goods and emission standards are no longer 'first-best' when emission functions are nonuniform, so results are modified for that reason. While this result is new in a setting of distortionary taxation, it naturally extends results from a literature examining indirect Pigovian instruments when the externality generating good is itself unavailable or imperfect as a base for a corrective instrument.
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II. The Model
We introduce some variations to existing treatments of optimal taxation in the presence of externalities (Sandmo, 1975 , in particular, but also Cremer et al, 1998 . The importance of these variations lie in their practical relevance, and we will thus intersperse the text with some examples for illustration.
Preferences
As is the tradition in the public finance literature, we analyze a setting in which consumers have preferences over private goods as well as a public good (with several public goods, results extend straightforwardly). As a matter of terminology, a term such as 'a public bad' could be used for pollution, but we shall generally try to describe the social planner as providing (or procuring) a public good when using taxes or regulation to stimulate pollution reductions. It is sometimes convenient to speak of goods in general, and then let a vector of quantities include pollution as a public good, even though consumers prefer less pollution to more.
Let H denote the set of consumers, and let h be a consumer, h H ∈ . h's utility depends on her consumption
, as well as on a pollution indicator, e:
.
We assume that the utility function is continuous, twice differentiable, quasiconcave, and
. 4 In addition, we shall assume that preferences are separable between the basket of market goods, N j ∈ , and pollution, so that the marginal rates of substitution between market goods are independent of pollution levels. A sufficient condition for this to hold is that individual preferences can be described by a separable utility function:
In the literature on taxation in the presence of external effects, separability is typically assumed.
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In assuming that pollution is experienced at the same level by all consumers, we combine two properties. The important one is that pollution (or its absence) is a pure public good in the sense of Samuelson, 1954 , that there is no rivalry in its consumption.
If one person enjoys the low level of pollution, this does not reduce another person's 4 Whenever possible without risking confusion, we shall use subscripts to denote partial derivatives. 0 ≤ h e u is necessary for us to use words such as 'negative external effects' and 'pollution', but the results are equally applicable also to positive external effects. An equilibrium in which Pigovian taxation makes distortionary taxation un-necessary is less plausible with positive externalities. 5 An assumption of separability between leisure and other private goods is often also included (Cremer et al., 1998 , Cremer and Gahvari, 1999 , Bovenberg and Goulder, 1996 , Bovenberg and van der Ploeg, 1994 . In the traditional model without externalities, this additional separability assumption renders (other) enjoyment. The less significant implied property is homogenous dispersion (which James Meade, 1952, termed atmospheric pollution) . It simplifies notation, by ensuring that the marginal damages from emissions (or the benefits from emission reductions) are independent of who or where the polluter is. If damages per unit of emissions vary, say by location or by stack hight, accommodation of this fact must be made, and results extend (the question should be asked, however, of whether instruments can be differentiated accordingly).
Emissions and pollution abatement
In the world we try to capture with our model, emissions of pollution are caused by several activities, in production stages as well as consumption stages. Examples that we all know of are that emissions are caused in the production of gasoline, cars, and detergents, and also as households and firms use car services and do their laundry. Also, pollution abatement, or efforts to make each activity less polluting, may be undertaken by producers or consumers. Reduced emissions from cars, for instance, can result as the manufacturer changes his product by adding a catalytic converter, as the refinery changes the gasoline characteristics, and as the driver drives more carefully, buys a 'cleaner' gasoline, and improves her maintenance. As these examples illustrate, efforts to abate emissions may well be exerted at a production stage even if emissions occur later, for instance in consumption.
The traditional treatment of externalities in the theoretical literature has been to view substitution in consumption (towards non-polluting goods and services) as the only way to reduce pollution (Cremer and Gahvari, 1999 , made advances beyond this). In such a case, it is of no importance whether emissions result from production or consumptionsince the assumption of equilibrium ensures that production and consumption move in parallel. Sandmo's important (1975) contribution described emissions as caused by consumption, but with results directly applicable for emissions caused by producers.
In a context with pollution abatement in contrast, it could be material whether emissions occur in consumption or in production. To illustrate, if in optimum producers and households face different price vectors and abatement options (they do), are marginal commodity taxes redundant in the presence of a tax on labor. In a model with a polluting commodity, like Sandmo, 1975 , it would then suffice with a tax on labor and an emission tax. abatement costs in optimum different for car manufacturers and users? Similarly, if a car owner can reduce emissions, should policy stimuli depend on whether she is a consumer, an enterprise or government?
Commodities are potentially polluting in both production and consumption, so we may think of a set of 2n polluting activities. We choose consumer abatement and emissions as our main presentational vehicle, in part because consumer abatement is novel and poses more interesting questions in a welfare economic perspective. To save on notation, we do not introduce emissions from producers before later in this section.
Individual emissions are caused in association with the consumption of polluting goods and services, as represented by emission factors ) (
and equivalently for government. (2) The pollution level, the argument in each consumer's utility function, is simply emissions aggregated across polluters and polluting goods 7 :
6 The assumption that all goods n j ,.., 1 = are polluting simplifies notation. It means that a nonpolluting good is approximated as one for which emissions and emission taxes are trivially low at abatement levels that are trivially low 7 We skip important detail here, and some deserve mention: i) the pollution level, here a scalar, may be a vector (concentrations of dust and of ground-level ozone). Extension of results to several 'public goods' (or bads: dust, ozone), with one set of Pigovian taxes for each, is straightforward; ii) whether or not the pollution level is a scalar (say, parts per million of ozone), emissions contributing to the pollution level may [ ]
In h's maximization, we shall assume that she considers the level of pollution, e (the sum of what is generated by all polluters), and also public sector revenue to be independent of her own actions. This will be either accurate descriptions or close be a vector (as with the precursors of ozone: tons emitted of nitrogen oxides and of volatile organic compounds); iii) we abstract from how the pollution indicator translates into damages (health effects, species extinction, corrosion, etc.), when we describe willingness to pay simply as a function of the pollution level. 8 We use the terms 'consumer' and 'household' as synonyms, and are thus unable to handle distributional issues within the household. Bergstrom (1989) provides an interesting discussion of when this is appropriate, and of the shortcomings (more recently highlighted in the literature focusing on gender and children). 9 In a model with constant transformation coefficients, like ours (see production technology, below), the choice of untaxed commodity is immaterial: it is easily checked that the relative prices obtained here (including those inducing abatement) can be replicated with another choice of untaxed good .
10 Our budget constraint is consistent with the traditional: When we introduce consumer abatement and emission taxes, we obtain 0 ) (
approximations if the number of individuals, H, is large. These assumptions are rather natural extensions of the assumptions of competitive equilibrium, under which producers and consumers take prices as given. In the present model, they consider two additional variables as independent of their actions: total pollution and public revenue.
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The first-order conditions for h's individual optimum are her budget constraint and, for all goods j=1,..,n:
The first equality in (5) shows how the consumer will set marginal rates of substitution between private goods equal to the relative marginal costs of these goods. In the second equation in (5), we have taken advantage of the fact that these marginal costs are independent of consumption levels, so that the marginal cost is also a unit cost, and introduced the symbol h j q to represent this 'all-inclusive consumer price'. In (6), the consumer sets her marginal cost of emission reductions equal to the emission tax rate.
These marginal costs would be equal across consumers even if emission functions differed across consumers. However, with homogenous emission functions, abatement h j b and emission factors h j f will also be the same across consumers, ensuring that the allinclusive consumer prices are uniform across consumers. We shall use this property to suppress individual superscripts for b j and q j until section IV, in which we adopt heterogeneous emission functions.
Finally we may sketch a generalization. If emissions occur at production stages as well, and if producers in sector j face emission taxes and abatement opportunities, then the producer price in (5) will itself be a sum components, to include the producer's abatement and taxes on emissions in production. Then, self interested producers will join the consumer in an effort to minimize the all-inclusive consumer price.
11 See Sandmo, 1975 , or Eskeland, 1994 , for some further treatment. If there are H individuals who take into account the effect of their own actions, then our approximation error is to set H/(H-1) equal to one.
Production technology
To describe the economy's technological constraint -its ability to transform one bundle of consumption goods into another -let capitalized variables without superscripts denote aggregate quantities:
, with P j x denoting government consumption. A rather general description of technology would be:
where 0 Y is work, or endowment less leisure and abatement:
One assumption embodied in (7) and (8) is that the damages from pollution do not affect production possibilities. Thus, the motivation for pollution abatement is found solely in the way pollution affects household utility (1).
Our model of the production side of the economy shall involve additional restrictions: fixed factors of transformation between market goods (see, for instance, Sandmo, 1975 , or Cremer et al., 1998 :
where the vector c consists of the constant transformation coefficients. Though we have used aggregate quantities, we may think of (9) as describing a generally available conversion technology, possessed and controlled by many independent producers. When these producers compete in input and output markets, each handling their share of the aggregate quantities, profits will be zero and producer prices will be equal to marginal costs:
.,n, and 1 0 = p . (5). He maximizes welfare subject to a constraint that revenues are equal to a predetermined minimum -enough to finance exogenous public sector expenditures 13 (we initially assume that government abatement is exogenously given). Apart from the instruments used here, we assume that the planner does not have available other instruments for redistribution or revenue mobilization. However, our analysis applies also to the case when there are other instruments with redistributive and revenue implications.
III. Optimal taxation
A benevolent planner
Such other instruments could be uniform poll taxes as well as non-linear income taxes.
14 Commodity taxes are in the literature typically restricted to be linear, with a brief justification being that the planner's information includes aggregate quantities
x . Thus, the tax man may observe liters of gasoline exiting the refinery gate or the gas station, but not individual purchases to an extent attributable to individual consumers. We may add that nonlinear commodity taxes (or commodity taxes differentiated by personal characteristics) would involve not only costly information and administration, but also distortions, as consumers would engage in costly exchange of goods and services. Thus, the restriction that commodity taxes be linear can rest on a broader set of considerations than only information availability.
This latter, broader justification is more appropriate when we assume that emission taxes may be differentiated by polluting commodity (gasoline versus heating oil), but are confined to be linear and uniform across consumers. We may think of emissions as in principle observable by the planner at the emitting source (a meter on each car, for instance, displaying the car's cumulative emissions at year-end), but that the attribution of emissions to households would be costly and lead to distortions under 13 Individual budget constraints add up to the technology constraint (9) if we include that of the planner:
, where the right hand side is public expenditures.
14 The analysis applies by viewing the presented sufficient conditions as a subset of conditions for optimal policy. In the tradition of Mirrlees (1971) , nonlinear income taxes are introduced by assuming that individuals differ in endowment of time in productivity units, but that only income (work times wage) is observed and taxable by the planner. One approach is to assume a discrete number of types and nonlinear income taxes subject to self-selection constraints. Cremer et al., 1998 , demonstrate analysis of instruments such as emission taxes in a broader context which includes non-linear taxes. nonlinear taxation. 15 Apart from these considerations, our assumptions are motivated by our practical aim of checking whether optimal emission taxes would apply neutrally when they can be differentiated by commodity -a question which is less well defined for non-linear instruments.
The Lagrangian of the planner's maximization problem is:
Optimal taxation
To simplify exposition, we introduce the following definitions:
β h is the marginal value of additional income to individual h as valued in optimum by planner's welfare function. α h is h's willingness to pay -in terms of the numeraire good -for pollution reductions, a non-negative number by assumption.
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We shall initially consider government abatement as given. Partially differentiating (11) with respect to the n commodity tax rates and the n emission tax rates, first order conditions for optimal taxation are, for all i = 1,..,n:
and 15 Examples to illustrate such difficulties: Multiple car households, (temporary) exchange of cars and car services, multihousehold heating and municipal waste-water discharge. The impossibility of using potential information on individual emissions for nonlinear taxation is particularly clear in the case of polluting producers in a model with constant returns to scale, as ours. Nonlinear taxation of emissions would be ruled out by the costless replication (or merger) of firms. For households, on the other hand, non-linear taxation of emissions could with plausibility be feasible and attractive, save for reasons of administrative difficulty and distortions. We learn something relevant for non-linear taxation of household emissions when we treat differences in emission factors in section IV. 16 Use the definition of the indirect utility function and the envelope theorem: 
In (12), we have used the fact that producer prices are independent of commodity taxes:
, and Roy's identity:
In (13) 
The 2n equations (12) and (13), with (14) describe an optimal tax structure for the n commodity tax rates and the n emission tax rates.
The uncompensated demand functions are in general defined over prices, income, and the quantity of the public good, ) , ,
Let us now employ the assumption of separability between pollution and other goods:
When using (15) and (14), (12) and (13) simplify to, for all i = 1,..,n:
In order to gain further insights into the tax structure implied by (16) and (17), we shall go via simplifying assumptions.
Assumption 1: No abatement available: emission factors are exogenously given
The case with an exogenously given emission factor was analyzed by Sandmo, 1975. When polluting goods cannot be made less polluting per unit (in our model's terminology, when N i f ib ∈ = all , 0 for any i b ), pollution reductions will rely solely on changes in consumption patterns towards goods that are less polluting (say: from motorcycles to bicycles, from cigars to cigarettes). The model with exogenously given emission factors is -fortunately -unrealistic in most practically interesting cases, but provides important insights even for the more general case. 17 We show it here as a basis for comparison with existing literature, and also to generalize to several polluting activities (or goods).
With no abatement available, the equations in (6) do not apply, and every equation
in (17) is simply i f times the corresponding equation in (16). Thus, the 2n by 2n
coefficient matrix is at most of rank n and at most n instruments are required to implement the optimal allocation. Assuming that the n equations in (16) are linearly independent, we use this redundancy to set emission taxes all equal to zero and implement the optimal solution using commodity taxes only (as in Sandmo's treatment).
Insights are gained by rearranging to have tax rates on the left hand side. We display the solution for the case with four goods (0,1,2,e), two tax rates: It is not unrealistic in all interesting cases, and realism depends on the level of generality in the model. In the example of CO 2 , there are virtually no abatement technologies available to users if we examine (fuel) efficient combustion technologies for each fuel (say: coal fired power plant). Thus, for a model disaggregating to the individual fuel, the assumption of fixed emission factors would be quite appropriate. In contrast, for a model with an energy aggregate only, one could represent the flexibility within this aggregate (towards fuels that are less CO 2 intensive) as abatement options. 18 In the more general case, we have
, where E is the coefficient matrix in (18), and ik F is the cofactor of row i, column k. Sandmo describes the optimal tax structure (19) as giving commodity taxes in the presence of externalities an 'additivity property' (page 92). Of the two terms, the first is equal to the formula for optimal commodity taxes in the traditional problem with no external effects (see below), and the second is motivated by the need to correct for external effects. The term for the corrective tax is, as Sandmo noted, zero for commodities that are not polluting, and it is zero for all commodities if there is no willingness to pay for pollution reductions (
). The addition to Sandmo's result given here is only that with several polluting goods, the corrective tax element in each tax formula is uniform per unit of public good (the emission factor in each formula ensures this). This result, it can be argued, follows so directly from Sandmo's analysis, it is implicit.
We shall now use the redundancy in tax instruments to explore a specific alternative way to implement this allocation. Let us examine a solution including the following tax rate levied on emissions uniformly across polluting goods:
Substituting (20) into (16), we have:
(20) and (21) also solves (17), so this system of commodity taxes and a uniform emission tax implements the optimal allocation. Solving for the commodity tax rates, and again assuming two taxed goods, (21) 
The formulas for the commodity taxes in (21) and (22) (and also those for the nonPigovian terms in (18), (19)) are equivalent to the expressions for the solution to the traditional problem of optimal commodity taxation without pollution (i.e. Samuelson, 1951) , but the actual tax rates in models with and without pollution will in general not be the same. To highlight the implied structure for the non-Pigovian part, let us follow
Samuelson and use the Slutsky equation and the symmetry of the compensated demand
As Samuelson pointed out, if one assumes an arbitrarily small revenue requirement and identical consumers, (23) gives the same proportionate reduction in compensated demand for all commodities. Sandmo (1976) highlighted that this feature of (23) extends to hold for substantive revenue requirements if all taxed goods have equal income elasticities.
Simplifications often used to illustrate the implications of (21) (or 23) are to assume that the displayed cross price responses are zero, implying that taxes are inversely proportional to own-price elasticities. 20 The structure is also equivalent to the one analyzed by Corlett and Hague,1953 , who showed that with two taxed goods the good be taxed at a higher rate which has a higher degree of complementarity with the untaxed good.
Thus, it can be seen, the standard and recognized results for optimal commodity taxes extend to the case with an environmental externality, as long as the externality is . This is intuitively an equally attractive concept and simplifies expression of certain results: "for each good the change in aggregate compensated demand is proportional to the covariance between individual quantities demanded and social marginal utility of income" (page 338). A good orientation in this literature is provided by Auerbach, 1985. taken care of by an appropriate tax levied on emissions. This is in itself not an interesting observation, first because there is redundancy in instruments, 21 and second because the formal equivalence of commodity tax formulas with and without presence of external effects in no way would imply equivalence in rates. However, there are two aspects of this solution giving the emission tax an intuitive interpretation as a price. First, uniformity across polluting activities hint that emission reductions are elicited at the same marginal cost wherever they can be found -alluding to a simple procurement rule.
Second, the expression itself consists of a weighted sum of the willingness to pay for emission reductions, reminiscent of the Samuelson (1954) rule for optimal provision of public goods.
Definition: When the purpose is to internalize external effects such as emissions, we shall use term Pigovian tax in the traditional way -to mean a corrective tax -if the tax/subsidy is levied directly on emissions (or more generally on a measured contribution to the public good). We shall use the term presumptive Pigovian tax if the corrective tax is levied on a commodity (such as an input or an output in the externality generating activity) with the rate per unit of the commodity motivated by an emission factor, in presumption of emissions. Cremer et al., 1998 ). An indirect Pigovian tax typically means a corrective tax levied not on the externality causing good itself, but on substitutes and complements (Sandmo, 1976b) . Outside the realm of Pigovian taxation, indirect taxes have a different meaning (see, for instance Atkinson and Stiglitz, 1976) . The term presumptive is for income taxes for optimal commodity taxes in the traditional problem without external effects
(equation 22 or more generally from 21).
The proof is given above.
A historical note is worthwhile. Ramsey wrote in the introduction to his 1927 treatment of the traditional problem without externalities: "I shall suppose that, in Professor Pigou's terminology, private and social net products are always equal, or has been made so by State interference not included in the following." Sandmo, 1975 followed up to solve the twin tasks thus referred to by Ramsey. In his concluding paragraphs on how to assess real-world taxes, Ramsey wrote: "In the case of motor taxes we must separate off so much of the taxation as is offset by damage to the road. This part should be so far as possible equal to the damage done. The remainder is a genuine tax and should be distributed according to our theory; ". Thus, we may say Ramsey had in mind something like Sandmo's 'additivity property'. Another aspect in Sandmo's formula was that the damage component (reflecting benefits of public good provision) is adjusted by the shadow price of public revenue. This adjustment points back to an important idea of Pigou's, that when revenue generation has its own costs "expenditure ought not to be carried so far as to make the real yield of the last unit of resources expended by the government equal to the real yield of the last unit left in the hands of the representative citizen." 23 Pigou's conjecture later was found to require qualification, but the indicated adjustment is assured if there is separability between the public good and taxed goods (our model) and taxed goods are not predominantly inferior goods (See Atkinson and Stern, 1973) .
Assumption 2: Endogenous emission factors
When abatement technologies are available for a set M of polluting goods
, the system (16) and (17) is at most of rank n+m. For simplicity, let us assume that the rank is 2n so all n polluting goods have abatement technologies.
established, with a meaning parallel to ours for corrective taxes (See, for instance Musgrave and Musgrave, 1984 , or articles in Newbery and Stern, 1984 , and Gillis, 1989 . 23 Pigou, 1947 Pigou, , 1949 We may immediately substitute the Pigovian tax (20) into (16) and (17) to see that this again reduces the set of equations to one of rank n, and a formula equal to the one defining the optimal commodity tax structure in the traditional problem without external effects. 24 Thus, we may conclude with: One way of this looking at this result is that one introduces a good-specified emission tax to induce abatement. First, this tax is to be the same across polluting goods.
Second, in a context of commodity taxes satisfying the formula for optimal taxes in the traditional problem without externalities, this emission tax also induces optimal substitution towards cleaner goods and services. Another way to communicate the result is to suggest that the presumptive Pigovian part of Sandmo's formula be replaced -when possible -by a tax levied on emissions. Viewing Sandmo's formula as a sum of two taxes, the presumptive Pigovian tax is transformed to a Pigovian tax by moving the emission factor from the tax rate to the base of a new tax. This scheme is strictly preferred in a context in which abatement can be induced, and thus optimal in a wider range of circumstances.
Assumption 3: Emissions are not observed (or not taxable) at the individual level
We here examine briefly the implications of two crudely defined constraints on the monitoring of emissions. Let us first assume that the planner is not able to tax emissions, but he can regulate abatement and levy commodity taxes. Standards for emission factors (or for abatement) are often seen in the real world, and one interpretation of this is that it is less costly to monitor emission factors or technology, than it is continuously to monitor emissions (or to obtain a measure of cumulative emissions, say at year-end). 25 Examples 24 In an earlier version of this paper (Eskeland, 1996) , direct derivation of this tax structure was provided. It can be made available upon request. 25 The existence of emission standards has been given several interpretations. The interpretation compatible with our treatment here is that monitoring emissions at the source is prohibitively costly, but that abatement are that vehicles and industries face emission standards, either mandating a particular technology or defining a maximal rate for emissions per unit of output (say: grams per mile or per gallon of fuel, for vehicles). 26 Simultaneously, the vehicles may be subject to odometer charges (by mile, or kilometer) or fuel taxes, and industries may be subject to taxes on inputs and outputs.
With these assumptions, the planner has two instruments for each good (t j , b j ), again a total of 2n instruments at his disposal. Modifying the Lagrangian (11) 
where we have used
.,n (see equation 5).
It is easily checked that if the planner sets abatement or emission standards such that marginal costs equal social benefits adjusted for the shadow price of public revenue:
(or technology, or emission factors) can be monitored cheaply ex ante (as a car model is approved by the authorities) or periodically (at annual vehicle inspections) or even randomly. Such a structure is analyzed in Eskeland, 1994 , where it was shown that standards then should be combined with presumptive Pigovian taxes, levied for instance on a car's odometer, or on a variable input, such as gasoline. A more comprehensive practical discussion of these principles in the light of monitoring and enforcement problems is given in Eskeland and Devarajan, 1996 . Another important interpretation of standards and regulation in general, as opposed to the tax treatment, is that they give the planner a way to distribute emission permits (See Buchanan and Tullock, 1975, and Baumol and Oates, 1988) . 26 Standards for emission factors and for abatement (or technology) have equivalent implications in our model, but more generally instruments should be as open and flexible as possible. Thus, standards will be more effective, ceteris paribus, if they define maximum emission factors than if they specify a technology which meets that goal.
For reviews including discussion of monitoring costs and their consequences, see, for example, Eskeland and Jimenez, 1992, and Cropper and Oates, 1996 . Using a model with monitoring costs, Schmutzler and Goulder, 1997 , conclude "Pure output taxes are optimal under sufficiently high monitoring costs, sufficiently limited options for emission reductions by means other than output reduction, and sufficiently high substitutability of the output".
For cars, a potentially important advantage of odometer charges (relative to fuel taxes) that is not exploited in the literature nor in the real world is that it could implement a system where the corrective tax is raised conditional on vehicle characteristics or emission factors. With fuel taxes, such differentiation will be constrained. then (25) reduces to (24) times the vector f, to be satisfied if (24) is satisfied. Then, the formula for optimal commodity taxes including presumptive Pigovian taxes (19, or more generally 18) satisfies (24) and (25). Sandmo, 1975) . Sandmo, 1975. Part a) of Lemma 3 (the allocation is the same as with emission taxes) is seen by noticing that abatement is identical, and that such abatement and the level of presumptive Pigovian taxes result in the same all-inclusive consumer prices and the same public revenue. Part b) of Lemma 3 is seen by noticing that when the planner has only n commodity tax rates as instruments, optimality is characterized only by the budget constraint and the n equations in (24), equivalent to (18). Under the assumptions of b), emission factors are higher and environmental costs (the sum of abatement and Pigovian taxes) weigh more heavily in the 'all-inclusive consumer price' than in a).
Proposition 3: Emission standards and presumptive Pigovian taxation a) If the planner cannot tax emissions, but he can set standards for emission factors (or abatement) and levy commodity taxes, then the optimal allocation is the same as when emission taxes are available. The marginal cost of abatement per unit of emissions is the same across activities, as if driven by optimal emission taxes (20).
Commodity taxes will satisfy the formula for optimal commodity taxes including presumptive Pigovian taxes (equation 19, or more generally 18, as in
b) If the planner cannot address abatement in any way, then the optimal allocation is one of commodity taxes including presumptive Pigovian taxes (19 or more generally 18) as in
The contribution of Lemma 3 is a modest one, since it is well known that the efficiency properties of a quota for emissions can be the same as those for an emission tax (See, for instance, Baumol and Oates, 1988, or Tietenberg, 1992 ). What we do here is to introduce a generalizing and a restrictive feature. We generalize by looking at the use of quotas (or standards) in a context with distortionary revenue generation. One of the lessons thus learned is that such a system of optimal standards and presumptive taxes in our model has the same allocative and distributive impacts as a system with emission charges. On the restrictive side, as we generalize to introduce constraints on monitoring and enforcement, we assume that these allow a separate policy instrument to make activities cleaner per unit of activity. 'Emission quotas' often come in the form of a standard for emissions per unit of output, a fact that has formerly been afforded scant notice and interpretation in the public finance literature. 27 A contribution of Eskeland, 1994 , was to show that emission quotas of this kind make activities cleaner, but fail to
give appropriate incentives to reduced consumption, and thus should be accompanied by a presumptive Pigovian tax.
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Finally, we should emphasize that Sandmo's 1975 result should be read as holding for any given level of abatement. Building on this, Lemma 3 contributes with optimal abatement.
Assumption 4: Producers and government abate and pollute Proposition 4: Production efficiency Optimal abatement is efficient in the sense that the marginal cost of abatement per unit of emissions is the same not only across activities but also across agents: government, households and firms.
Consider first the case of firms, and the simple case in which production of good j involves firms with the same costs, abatement opportunities j a and consequences
. Let us first assume that abatement in production influences production-stage emissions (i.e. at the car-maker's smoke-stack, rather than at his customer's tail-pipe).
Then the producer price for good j (see equation 10) will include not only the producer's costs of abatement but also his emission taxes,
27 Important textbooks such as Baumol and Oates, 1988, and Tietenberg, 1992 , do not mention monitoring costs as possibly favoring (or explaining) emission standards. Uncertainty in estimates of benefits and costs is an accepted consideration in quantity instruments versus prices (Weitzman, 1974) , but that argument does not rely on costly monitoring of emissions. 28 One can argue that such emission standards implicitly award emission quotas to operators of polluting processes: You may emit more, but the same amount per unit, if you drive more, or if you produce more steel. That perspective is even more important when existing facilities are 'grandfathered' (given more lenient treatment) in regulations. For analysis of such differential treatment, see Crandall et al., 1986 , and Harrington, 1997 , on automobiles, and Nelson et al., 1993 , on EPA's new source emission standards. Grandfathering has positive and negative connotations: 'Grandfather clauses allow rents to be shifted to those grandfathered without distorting supply responses' (Wittman, 1989) .
It is easily checked that an emission tax e aj τ τ = as in (20) is optimal (substitute (27) into (5), simplify by setting consumer emissions and abatement to zero, and modify (11) accordingly).
By the same argument, if two producers of j are active but have different technologies and emission factors, their emissions are taxed at the same rate in optimum.
Note that two (or more) firms with different emission functions and different emission factors can be active at only one level of the emission tax, since if the emission tax is raised slightly, the producer with the higher emission factor shuts down (by the envelope theorem). However, if there are latent technologies, then at any emission tax level technologies with different emission factors can be active, and we have shown they shall be taxed at the same rate per unit of emissions. Thus, the marginal cost of abatement per unit of emissions reduced will be the same in productive sectors as amongst consumers:
For government, the Lagrangian (11) assumed that the government consumption conditions reflecting optimal abatement for government, we have for all j=1,..,n: (2) and (3) we can see that
Thus, in optimum, the marginal costs of abatement per unit of emissions reduced will be equalized across firms, government and households.
As a matter of implementation, if government agencies are geared to pursue their respective goals while maximizing some appropriate 'profit' function, then these agencies should be exposed to the same emission tax (or abatement requirements) as the one levied on consumers and firms.
We have now shown that abatement should be stimulated by the same emission tax when abatement reduces own emissions. The generalization remaining is to allow abatement at any stage to influence emissions or abatement opportunities at other stages as well (as when the car's emissions can be reduced by abatement efforts in the carfactory, at the service station, in the oil refinery and by the driver). It is intuitive, now, that the emission tax (20) provides optimum stimulus in this more general setting. As producers and consumers join forces to minimize private costs -including emission taxes, emission reductions are provided effectively. Showing this involves additional notation, and is left to the reader.
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We are now ready to summarize our findings:
Summary of central findings: Pigovian principles and production efficiency Assume constant returns to scale, that the environmental good is separable from other goods, that within each activity consumers have uniform emission functions, that linear taxes on inputs, outputs and emissions can be differentiated by commodity (or that emission standards can be differentiated by commodity), and that different regimes can apply for consumers, producers and government. i) Welfare optimum is characterized by the marginal rates of transformation between abatement and emission reductions a) equal across polluting activities (i.e. goods, sectors, j∈N), b) equal for emissions from consumers, producers and government, and c) equal to the welfare weighted sum of willingness to pay across consumers
29 It may be worthwhile to revisit with a practical perspective the issue of the untaxed good. Our formulation states that consumer abatement is through application of the untaxed good. It is this feature which allows equal rates of transformation between abatement and emission reductions to be implemented by one emission tax faced by producers and consumers (since producers face pretax prices). Assume now that leisure has to be the untaxed good and that consumers may abate emissions with leisure (using time to drive more carefully, or to perform more laborious laundry with less polluting detergents) and by changing filters, and that producers may abate by installing filters and through many other actions. If leisure is the untaxed good, and filters can be taxed at zero rates when used in abatement, then the efficient solution can be implemented by confronting consumers and producers with the same emission tax. If abatement cannot be taxed at zero rates (when used in abatement by consumers), then the optimal allocation -still equalizing the marginal costs of emission reductions -is implemented by a separate emission tax for consumers. Sandmo, 1975. v Sandmo, 1975. With pollution just from producers and government, the equality of marginal rates of transformation between abatement and emission reductions is a predictable consequence of Diamond and Mirrlees' (1973) result. They showed that the set of producers and government should be treated as one, to all have equal marginal rates of transformation between goods. This clearly should apply even when an additional input valued by consumers, the environment, is included in the model. Amongst the findings of Cremer and Gahvari (1999) is that an emission tax should apply uniformly across industries. We add that this holds also for pollution from government, from firms with heterogeneous emission functions, and from consumers -only the latter one of which does not follow almost directly from Diamond and Mirrlees' treatment. Also, we show how standards can take the place of emission taxes under some plausible restrictions on monitoring.
) When abatement cannot be induced by the planner, the optimal allocation is implemented by commodity taxes which include presumptive Pigovian taxes, as in
The result least to be expected, that production efficiency shall include pollution abatement amongst consumers, must be understood in a context of assumptions about available instruments. Also, that result depends on the assumption that consumers face the same abatement opportunities, implying that they have the same emission factors when exposed to emission taxes. We relax this assumption in the section to follow.
IV. Non-Uniform Emission Functions
In the previous section, we established that producers shall be taxed uniformly on emission irrespective of whether they have uniform emission functions. For consumers, the analysis till now has assumed uniform emission functions. We now investigate the consequences of heterogeneity across consumers in emission functions, reintroducing individual superscripts for emission functions, and thus abatement: ) (
We should note that the additivity in the relationship between emissions and the environmental good (equation 3) is retained. What we now allow implies only that consumers may differ in terms of emissions per unit consumed of the polluting good. An alternative formulation -also important in practice -could be that polluters differ in the relationship between emissions and the environmental good (so the damages could differ per unit emitted, rather than per unit consumed, which is our formulation). Results are very similar in nature, though with qualifications regarding instrument availability. The reason is that an emission tax is still 'first best' with respect to environmental protection when emission functions differ. If damages per unit emitted are different, in contrast, the emission tax is first best only if each polluter can be taxed at the same rate per unit of damages. With presumptive Pigovian taxes levied on each unit of the polluting good, the parallel is more direct, since that instrument loses its first best properties in both formulations.
Uniformity of emission functions for a given commodity is more plausible the more narrowly one can define each polluting commodity. Examining the model, this is a question of whether consumption with different emission functions can be differentiated in the commodity tax structure. If consumption can be differentiated in the commodity tax structure, so that within each "commodity" uniform emission functions result, then the results of the previous section apply.
To give a practical example, assume first that emissions are taxable, and that car travel is more polluting when using leaded gasoline than when using unleaded, but with emission functions that are uniform amongst users of leaded gasoline, and amongst users of unleaded gasoline. If the two fuels can be taxed separately in the commodity tax structure, then the results of the previous section apply. Assume in contrast, that emission functions differ by car or user characteristics (old versus new/young, male versus female). To the extent that commodity taxes cannot be conditioned on these (perhaps they could, if odometer charges were used), one has set the scene for the topic of this section.
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We assume polluters are exposed to non-individualized linear instruments:
commodity taxes and emission taxes or uniform abatement requirements, 
(re equation (6)), and abatement as well as emission factors may differ if emission functions are heterogenous.
As an important background, in a setting with costless redistribution and revenue generation, an emission tax is a first-best instrument even when emission functions are heterogenous. In contrast, if the planner cannot tax emissions, then presumptive taxation of goods would be an imperfect instrument under heterogeneous emission functions. This difference should be on our mind as we set out to analyze the cases with and without emission taxes separately.
Taxation of emissions
Corresponding to (16) and (17), our first order conditions for optimum are, for all i=1,..,n:
The reader may verify that straightforward application of Pigovian principles
, all i) leaves (31) solved by commodity taxes satisfying the formula for optimal commodity taxes in the traditional problem without pollution, but that this emission tax is inconsistent with solving the set as a whole with only n remaining instruments. Thus, emission taxes cannot in general comply with Pigovian principles when emission functions are heterogeneous. We proceed to qualify and interpret these deviations from Pigovian principles.
Without loss of generality, let us split the taxes levied on emissions in (31) and (32) in two parts: one 'environmental tax' e τ which we set according to Pigovian principles
), and a supplementary emission tax (or subsidy) i τ which we leave for further investigation: 
Substituting (33), (34) and (35) into (31) and (32), we have, for all i=1,..,n,
, and
(37) can be rewritten using averages and covariances across consumers as follows:
We can see that if the covariances in (38) are zero, then we can set i τ =0, all i, and each equation in (38) is simply i f times (36). Thus, when those covariances are zero, emissions are taxed according to Pigovian principles (34) only, and a commodity tax structure which solves (36) is optimal. When i τ is zero for all polluting goods, (36) is also the solution to the traditional optimal commodity tax problem (i.e. without pollution).
More generally, let us observe that (38) is a sum of two terms, where the first is simply f times (36), so we may think of the optimal tax structure as follows. (36) is at most of rank n , so the n commodity tax rates can be reserved to solve (36), conditional on a set of supplementary emission tax rates. Thus, the system (36) and (38) has a solution for which the supplementary emission tax rates render zero the bracket term in
, and using
, the term in brackets of (38) is zero for (39) ,..,n) . This is no explicit solution: not only are there tax rates on the right hand hand side, but all the expressions may be functions of the tax rates. Nevertheless, from (39) we learn that it is a specific set of covariances that gives a potential role to "nonPigovian" supplementary taxation of emissions. To gain some additional insight, let us make the assumption that only one activity is polluting:
(40) is still a complicated combination of effects, but all intuitively play a role given that the social planner compares the effects of supplementary emission taxes to the effects of commodity taxes. The two terms in the denominator represent the responsiveness of abatement and emissions to the emission tax. These responses are, from a first-best perspective, wasteful when emission taxes differ from Pigovian principles, so the absolute value of their sum ceteris paribus reduces the value of supplementary emission taxes. In the numerator, the first covariance represents the planner's evaluation of the distributive pattern of the emission tax (as compared to the commodity tax). As an example, assume that the denominator is negative ( 0
by assumption) and that the bracket term is zero. If the emission factor falls with income (as when wealthier have newer cars and these are less polluting) and i x β falls (rises) with income, the supplementary non-Pigovian emission tax will be negative (positive).
31
The combined term in brackets distinguishes between the emission tax and the commodity tax in terms of the marginal effect on revenue. If the bracket term is negative, then it means that increasing the emission tax on good i raises revenue less than i f times a change in i t , an effect which ceteris paribus reduces the emission tax (assuming the denominator < 0).
To focus on revenue and redistributive considerations, assume that the denominator is negative and the tax weighted term with demand responsiveness in (40), Giving a practical illustration, emission factors will often be declining in income.
Assuming β steep enough that ) , ( the other covariances are zero. If i t is positive (negative), then non-Pigovian taxation of emissions is positive (negative). In this case, the planner takes the opportunity for 'price discrimination' simply to reduce distortions (this effect does not depend on the vector β ): More polluting consumers are less price responsive (for good i) and should therefore face a higher effective price for reasons well known in the literature (Ramsey-pricing) . A distortionary effect of this is that emissions are taxed 'too heavily', so 'too much abatement' is executed.
We should highlight again that these perspectives often will point us back to ask for a more differentiated commodity tax structure, rather than to actually modifying emission taxes with non-Pigovian objectives. When emission taxes are brought to differ from Pigovian principles, here, it is because they take on roles in redistribution and revenue generation that are left unsolved by other instruments. Using emission taxes for these purposes have separate, identifiable costs, and can be attractive only if other available instruments entail costs as well.
Presumptive Pigovian taxes
In the case of non-uniform emission functions, taxation of commodities in presumption of emissions has a weaknesses in addition to the potential weakness of not inducing abatement: consumption by dirtier consumers and cleaner consumers is discouraged with 'equal pressure'. This may present a problem of fairness and distribution, but also of efficiency, since the emission factor determines the emission reductions 'bought' when consumption is reduced.
Let us initiate this analysis by assuming that emission factors are given. This problem is similar to the problem of imperfect corrective pricing analyzed by Diamond, 1973. 32 Our results also compare with several studies on taxation of substitutes and 32 In the literature, 'corrective taxation' is used synonymously with 'Pigovian taxation', and corrective pricing refers to prices that include corrective elements, equivalent to prices that include our 'presumptive Pigovian taxes'. Diamond's problem is more general than ours in the sense that he makes no separability assumption, so his 'public good' (absence of congestion) may influence demand. On the other hand, our problem is more general in including distortionary revenue generation, and in including effects across markets in the external effects as well. These differences are illustrated in one of his concluding passages: "..the optimal surcharge will be small relative to the average externality when individuals who contribute greatly to congestion per unit demanded .. tend to have demands which are congestion sensitive .. and price insensitive ..". In our model, the analogue to congestion sensitivity is zero due to separability (the case for complements to externality-creating goods when the ideal corrective instrument is not available. 33 Analogously to (16), first order conditions for optimal commodity taxes are:
In (41), we have followed steps in previous sections to 'artificially' split the commodity tax rates in two parts. The system is then indeterminate, and we can choose one part arbitrarily. Let us choose j t , n j ,.., 1 = such as to solve the traditional problem of optimal commodity taxes when there is no pollution:
Then, for (41) to be solved, we must have
Assuming that the coefficient matrix in (43) represents emission spillovers via cross-price elasticities to good 2, and is zero if the such sensitivity is more compelling for congestion), and our results with respect to price sensitivity will be less clear cut, due to cross price effects both in revenue generation and in external effects. 33 Noteable contributions are: Green and Sheshinski, 1976; Sandmo, 1976 , Balcer, 1980 Wijkander, 1985, Greenwald and Stiglitz, 1986. 
, so individuals with high emission factors adjust consumption less than average). Our model has greatest similarity with that of Balcer, 1980 . The literature we refer to does not include distortionary revenue generation, but compares with our formula for the presumptive Pigovian tax which bares evidence of distortionary taxation only through µ βα ∑ . Balcer focuses on the dimensions of "large offenders" (consumers g, for whom 2 2 f f g > , in our terminology) and "large offender complementarity" For the indirect instrument, 1 e t , the level will be negative if there is large offender substitutability, since a subsidy then reduces consumption of good 2 amongst large offenders but not for average offenders, thus providing emission reductions at low costs.
As an illustration, assume one group (say, the young) would substitute metro-for car travel if metro fares were lower, but that for the old the two are complements, so that aggregate demand for car travel is independent of metro-fares. If young people pollute more than old when traveling by car, the commodity tax rate for metro travel would be adjusted downwards for Pigovian reasons. Cov(f 2 ,x 22 ) ).
Emission standards and commodity taxes including presumptive Pigovian taxes
Equation (41) defines optimal commodity taxes including presumptive Pigovian taxes for any given abatement levels. If we assume that the planner can regulate abatement but must do this uniformly for all consumers (though emission functions differ), then first order condition for optimal abatement are, for all i=1,..,n:
higher (lower) abatement standards and lower (higher) emissions than if the covariance were zero.
Concluding, when presumptive taxes and standards are used, covariances with demand patterns influence instruments, but only for reasons related to efficiency in environmental protection. The demand patterns are important for efficiency because -for both instruments -they determine the marginal costs of reducing emissions when, these instruments are unable to equalize costs across consumers. The reason why distributional considerations do not directly affect these instruments under nonuniform emission functions (though they do for emission taxes) is simply that in this model neither instrument can do anything towards redistribution that commodity taxes cannot.
V. Discussion
Our aim with this study was to examine whether intuition about 'pricing' the environment applies in more general contexts than explored earlier. Does Sandmo's 'additivity property ' (1975) apply in such a way that different polluting activities be treated in the same fashion? If negative externalities can be reduced not only by changes in consumption patterns, but also by making each activity cleaner (abatement efforts), how shall optimal policy combine inducements to these various approaches? Finally, if negative externalities are caused by agents as different as consumers, producers and government, how does optimal policy combine efforts from these to reduce pollution?
Three assumptions are critical when we show that the marginal costs of emission reductions, per unit of emissions, shall be the same across activities (goods, sectors), and across polluters. The assumption of constant returns to scale is widely applied in the literature, and is required in the present context since we want to see how established results on production efficiency extend. Second, we assume that consumers have equal access to pollution abatement opportunities (but also examine results of relaxing this assumption). Third, we assume that the planner can differentiate his policy instruments (emission taxes or abatement standards) by polluting good, and by whether the polluter is a consumer, a producer or government, but he cannot differentiate such instruments -or the commodity taxes -by personal characteristics, or make them non-linear in individual emissions.
Comparing our results with Sandmo's results, they represent generalizations that are very simple at a formal level: One may replace the presumptive Pigovian part of his commodity tax rates with an emission tax applied uniformly across agents and goods:
The emission factors that are part of the expression for Sandmo's tax rates will now form the base of an emission tax. Such a tax, combined with commodity taxes that satisfy the formula for optimal taxation in the traditional problem without external effects, induces optimum substitution towards less polluting activities as well as optimal abatement everywhere.
The paper adds that the applicability of these principles is not limited to contexts in which emissions are monitored at the source. Emission standards (or abatement standards) may be implemented with more limited monitoring capabilities (car model certifications, for instance), and a combination of emission standards and commodity taxes that include presumptive Pigovian taxes can under the applied assumptions implement the same allocation as the one implementable by commodity taxes and emission taxes.
The results also extend the production efficiency result of Diamond and Mirrlees, to include efficiency in environmental protection. For polluters that are producers and in government, production efficiency (in a sense including equal marginal costs of emission reductions) is to be expected. As an additional public good -the environment -is included in the relevant input-output vector, the result that the optimal vector is at the aggregate production frontier prevails.
When production efficiency applies also for polluting consumers -in the sense that they too shall abate pollution at the same marginal rate of transformation as firms and government -it is more surprising. One might expect that the planner -in his desire to redistribute or collect revenue at minimal distortionary costs -would choose to apply different pressures to abate pollution in different activities in order to pursue these goals.
When consumers have equal access to abatement technology, however, emission taxes differentiated according to polluting activity (i.e. goods) are redundant instruments for redistribution and revenue generation: they have the same dimensionality as commodity taxes, and commodity taxes dominate since they do not induce additional resource costs by making abatement deviate from efficient patterns.
When emission functions differ across producers, no deviation from Pigovian principles result. The consequences when emissions functions are heterogeneous across consumers are of two kinds, both related to covariances between emission factors and consumption patterns and demand responses. First, when emission taxes are available, the planner has a Pigovian instrument that is first best, and deviations from Pigovian principles come if the differentiated pattern of emission taxes and abatement costs lend themselves to his goals of redistribution and revenue generation. Second, when emission taxes are not available but emission standards are used, non-uniformity of emission functions influence policy because the instruments are no longer first best from a Pigovian perspective. These resulting adjustments are related merely to the objective of correcting externalities at least costs -not to revenue generation or redistribution. As an example , if for a good j marginal costs of emission reductions covary negatively with consumed quantities, then this enhances the cost effectiveness of the emission standard, relative to the case with no covariance.
Finally, simplicity in principles in this case also seems to simplify implementation. Think about how to stimulate pollution reductions from those making cars, roads, tires and fuels, and those using cars. First, it simplifies implementation that the stimulus given to abatement at one stage (say at the factory) is independent of whether the abatement yields i) emission reductions at that stage (the factory), ii) emission reductions at some other stage (in the refinery, in the commute), or iii) enhanced abatement opportunities at some other stage (the refinery, the commute). This allows abatement efforts at all stages optimally to be stimulated by a uniform emission tax levied where emissions occur. Second, it simplifies things that optimal abatement is independent of whether the car is used by government, firms or households, for weddings or for work.
Finally, principles could be helpful also in simplifying the organization of intervention for revenue and environmental protection, and perhaps in reducing the scope for wasteful political battles in environmental policy making. As an illustration, notice that the emission tax that induces optimal abatement in its formula refers only to benefits of environmental protection, not to price elasticities for polluting goods. Nevertheless, it also induces optimal substitution towards less polluting goods, in the sense that this emission tax should be combined with commodity tax rates satisfying the formula for optimal taxation in the traditional problem without external effects. Thus, at a very intuitive level, the environmental minister is concerned about pricing the environmentand the finance minister may think about him as such. The revenues will contribute to the general treasury and thereby influence the shadow price of public revenue. Thereby, the environmental minister's agenda influences the optimal commodity tax problem of the finance minister, but the finance minister need not think about the environmental costs or opportunities in each activity. Similarly, the environmental minister need not think about whether he -when taxing polluting sectors -tax sectors that are important for other reasons, such as revenue or redistribution.
